We have used heterologous hybridization and DNA sequence analysis to determine whether the 16-kilobase-pair (kbp) DNA from Chlamydomonas reinhardtii mitochondria is the functional equivalent of mtDNA in other eukaryotes. Restriction fragments corresponding to a continuous internal stretch spanning 75% of the 16-kbp DNA have been cloned and mapped, and regions hybridizing with probes specific for the cytochrome oxidase subunit I [CytOx I (acronym COI)] and apocytochrome b (Cyt b) genes of yeast and the mitochondrial 26S and 18S rRNA genes of wheat have been identified. Sequence analysis has verified the presence of CytOx I and the large and small subunit rRNA genes in the C. reinhardtii 16-kbp DNA. In the region of the 16-kbp DNA corresponding to exon 4 in the yeast CytOx I gene, the derived amino acid sequence is 61% and 63% identical with the CytOx I amino acid sequences of yeast and human mitochondria, respectively. Notably, tryptophan is specified by TGG rather than by TGA in this section of the C. reinhardt& CytOx I gene.
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A probe from the CytOx I region of the 16-kbp DNA hybridizes only with this 16-kbp DNA in Southern blots of total cellular DNA from C. reinhardtii but with a larger DNA species in the total cellular DNA of C. moewusii and C. eugametos-two species that lack a 16-kbp DNA. These observations provide evidence that C. reinhardtii 16- kbp DNA comprises at least part of the mitochondrial genome of this organism and that a homologous DNA exists in other species of Chlamydomonas.
There is marked variation in the size, organization, and expression of mitochondrial genomes from different eukaryotes (1) (2) (3) , and this is particularly exemplified by the mtDNA of higher plants, which is some 15-150 times as large as animal mtDNA and displays a correspondingly more complex physical structure and genomic arrangement (4) (5) (6) (7) . As yet, little is known about the mtDNA in unicellular green algae, the group of protists that is thought to share a specific evolutionary ancestry with higher plants (8) . In Chlamydomonas reinhardtii, a linear DNA species of approximately 16 kbp in length (about the size of the circular animal mitochondrial genome) has been isolated from DNase-treated mitochondria (9) . This molecule has unique ends and a homogeneous sequence (10) and is the only discrete DNA species that can be isolated from a C. reinhardtii mitochondrial fraction treated with DNase (ref. 9 and our unpublished results).
Although it has been assumed that the 16-kbp DNA represents the mitochondrial genome of C. reinhardtii, until now it had not been established formally that this DNA has the functions ascribed to mtDNA in other eukaryotes-i.e., that it codes for ribosomal and transfer RNA components of a mitochondrial translation system as well as for a limited number of polypeptide components of the mitochondrial respiratory chain. Moreover, although the 16-kbp DNA appears to be highly conserved among a number of C. reinhardtii strains (10) , DNA molecules of this size are not present in two other Chlamydomonas species, C. eugametos and C. moewusii (11, 12) . This has raised the possibility that the 16-kbp DNA is in fact a plasmid-like DNA specific to C. reinhardtii mitochondria, rather than the mitochondrial genome itself. This is an important consideration in view of the fact that plasmid-like DNA species, including linear ones, have been identified in plant mitochondria (4) . Indeed, although C. moewusii lacks a 16-kbp DNA, it does possess two smaller plasmid-like DNAs that are not present in either C. reinhardtii or C. eugametos (11, 12) .
In this report, we describe the cloning of a large part of the 16- (13) . Plasmid minipreparations (14) were purified by polyethylene glycol precipitation (15) , and digests were subcloned in M13 vectors for sequencing by the dideoxy chain-termination method of Sanger et al. (16) . Southern (10) have demonstrated that C. reinhardtii 16- (10) . For example, Sal I cleaves the 16-kbp DNA into two fragments of 11.0 and 4.8 kbp (Fig. 1 ). Digestion with EcoRI produces two end fragments of 6.9 and 0.6 kbp (the latter not shown in Fig. 1 ), although the two internal fragments of 7.1 and 1.25 kbp are also labeled to a minor extent as a result of incorporation at single-strand breaks in isolated 16-kbp DNA. These data establish that the DNA species characterized here is the same as that previously isolated from C. reinhardtii mitochondria (9, 10). The simple Sal I restriction pattern of 16-kbp DNA presents a marked contrast to the complex pattern (>50 fragments) produced by Sal I digestion of wheat mtDNA ( Fig. 2A) .
Hybridization of Heterologous Probes to the 16-kbp DNA. Probes specific for mitochondrial respiratory chain protein Localization of Genes on Cloned 16-kbp DNA. Recombinant clones with inserts covering a continuous internal stretch of about 75% of the 16-kbp DNA were used together with end-labeling data to construct the restriction map shown in Fig. 3 Upper. This map confirms and extends that of Grant and Chiang (10) . Only internal restriction fragments but not the ends of the 16-kbp DNA were obtained from cloning attempts that included pretreatment of 16-kbp DNA with ligase and/or Klenow polymerase to fill in recessed 3' ends, whose existence is suggested by labeling experiments (Fig. 1 ). These observations suggest that the ends of C. reinhardtii 16-kbp DNA possess structural features that preclude their cloning by the usual approaches.
In heterologous hybridization experiments with cloned 16-kbp DNA, we used isolated gene-specific fragments from wheat and yeast mitochondrial clones to minimize vector hybridization. Screening of recombinant clones indicated that pEl contained the regions hybridizing with rRNA-specific probes, whereas pHi contained the CytOx I hybridizing region. As noted above, in preliminary experiments. Cyt b hybridization had been localized to the smaller Sal I fragment (Fig. 2B) . We subsequently determined that pH1 did not hybridize with the Cyt b probe, so that the putative Cyt b gene must lie within the leftward uncloned terminal region of 16-kbp DNA.
In a HindIII/Sal I/Sst I digest of pH1, hybridization with the yeast CytOx I-specific insert was centered around the Sst I site. Strongest hybridization was to the 0.8-kbp Sst ISal I subfragment, while the 1.15-kbp HindIII-Sst I subfragment hybridized more weakly (Fig. 3 Lower, lanes a). Hybridization of the probe to pUC9 reflects vector contamination of the isolated fragment. The apparent hybridization of the yeast probe to the 2.0-kbp Sal 1-HindIII fragment is like- Fig. 2) .
Digestion of pEl, as shown in Fig. 3 Lower, lanes b and c, generated six (Fig. 3 Lower, lanes a), the sequence surrounding the Sst I site was determined by using the strategy shown in Fig. 4 . This analysis revealed strong identity at the level of both nucleotide sequence and derived amino acid sequence between the yeast CytOx I probe and this region of 16-kbp DNA. The sequence of the 468 nucleotides of 16-kbp DNA, shown in Fig. 5 , is equivalent to exon 4 of the yeast CytOx I gene. When the CytOx I region that is represented in the yeast probe is aligned with the C. reinhardtii sequence, allowing for a six-nucleotide deletion, nucleotide identity between the two is 56%. Another six-nucleotide deletion in the algal sequence is required to align the entire exon 4 region that encompasses residues 80-239 in the human CytOx I protein.
The corresponding C. reinhardtii DNA sequence and derived amino acid sequence is shown aligned with those of yeast and human. Overall identity is 61% between C. reinhardtii and yeast (20) and 63% between C. reinhardtii and human (21), compared to 68% between the yeast and human sequences. At 84 out of 160 of the positions, the same amino acid is present in all three sequences.
Although a meaningful analysis of codon usage will have to await determination of the complete sequence, it is noteworthy that the C. reinhardtii gene follows the universal genetic code by using TGG to specify tryptophan at five positions (residues 81, 103, 126, 186, and 236) where tryptophan is encoded by TGA in the human and yeast CytOx I genes.
Sequence Analysis of the rRNA Regions in 16-kbp DNA. In view of the strong hybridization of wheat mitochondrial rDNA probes to the El region of 16-kbp DNA and the pronounced structural similarities between the wheat mitochondrial and E. coli rRNA genes (ref. 22 and unpublished results), we would anticipate finding stretches of high homology to these latter genes within fragment El. Although sequence analysis is at a preliminary stage, we have identified regions that correspond in primary sequence and potential secondary structure to both small-and large-subunit rRNA genes. One such stretch of 202 nucleotides within fragment H5 has a potential secondary structure that precisely matches that proposed for positions 766 (21) , and 63% with yeast mitochondrial 15S rRNA (25) . Fig. 4 ) was used to probe the total DNA of C. reinhardtii, C. eugametos, and C. moewusii under hybridization conditions of high stringency (Fig. 6 ). In C. reinhardtii, the probe detected a single discrete DNA species, corresponding to linear 16-kbp DNA, Sau3A  AAC T6GTTGC TAC CAAT CAT GATCGGTGC CC CAGACAT GGC TTTCCCTCGTCTAAACAACATTAGTTTCT6GC TGAACCCACCAGCCCTGGCTTT6TTGC TATTGTCTACTT TGGTAGAGCAA *** ** ***** * ** ** ** ** **** ** ** ** ******* *** ** * ** * * * * ** * ** ***** ***** * before restriction endonuclease digestion, and the expected smaller fragments after digestion with either Sal I or EcoRI. In contrast, with undigested total DNA from C. moewusfi or C. eugametos, the CytOx I probe hybridized to DNA of heterogeneous mobility and apparent molecular weight greater than that of 16-kbp DNA. However, after digestion with either Sal I or EcoRI, the probe hybridized to a discrete band, having an apparent size of 18. CytOx I gene region contained in clone Ile (Fig. 4) . The EcoRJ digest of C. reinhardtii DNA was partial. Homologous hybridization conditions were used followed by stringent washes. The lane at right of 18.5 and 20.2 kbp is present in C. moewusii and C. eugametos, respectively. We emphasize that the same-sized hybridizing fragments were detected in C. moewusii DNA digested with either Sal I or EcoRI; in C. eugametos digests, the probe again hybridized to Sal I and EcoRI fragments of the same size. The simplest interpretation of these results is that the 16-kbp analog in these two species is a circular molecule containing single Sal I and EcoRI sites, so that cleavage at either of these sites produces a homogeneous linear fragment representing the entire genome. The possibilities remain, however, that the hybridizing Sal I and EcoRJ fragments do not represent the entire 16-kbp DNA analog of these species and that, by chance, both enzymes produced fragments of the same size. Note that the CytOx I probe does not hybridize to either of the two small plasmid-like DNAs (indicated by open arrowheads in Fig. 6 ) present in the C. moewusii total cellular DNA.
DISCUSSION
Although there is pronounced variability in the size, organization, and expression of mitochondrial genomes among and within the major eukaryotic groups, mtDNA does appear to have a universal coding function, in that the genes for certain components of the respiratory chain and the mitochondrial translation system are always encoded by mtDNA. By this criterion, the results presented here establish that the 16-kbp DNA of Chlamydomonas reinhardtii is the functional equivalent of mtDNA in other organisms because (i) defined regions in the 16-kbp DNA hybridize selectively with probes specific for the CytOx I and Cyt b genes of yeast and the mitochondrial 26S and 18S rRNA genes of wheat, and (it) in the case of the CytOx I and rRNA-hybridizing regions of the 16- (9) , is the only discrete DNA species that can be recovered from crude mitochondrial pellets after treatment with DNase (ref. 9 and our unpublished data). Despite the close correspondence in size between the 16-kbp DNA of C. reinhardtii (15.8 kbp) and the mtDNA of animals (16.5 kbp), the arrangement and expression of genes may well be different in the two. In animals, the small-and large-subunit rRNA genes are separated by only a tRNA gene, whereas they appear to be at least 0.9 kbp apart in the 16-kbp DNA. In view of the marked difference in size between the mitochondrial genomes of C. reinhardtii (15.8 kbp) and higher plants (220-1200 kbp), it should be of considerable interest to determine how much of the former genome is contained in the latter.
In the context of an endosymbiotic origin of mitochondria (26) , analysis of conserved sequences in small-subunit rRNA has suggested a separate branching within the eubacterial lineage of plant mitochondria and fungal/animal mitochondria (27) . It is, therefore, intriguing that the rRNA data we have to date suggest a closer evolutionary link between a green algal and a higher plant mtDNA than between a green algal and an animal (or fungal) mtDNA. Although this link can only be considered tentative at the moment, it does draw additional support from our finding that the 16-kbp DNA, in concert with plant mtDNA, apparently uses TGG to encode tryptophan at positions where TGA specifies tryptophan in animal and fungal mitochondrial genes. It also should be noted that the C. reinhardtii 16-kbp DNA has the same buoyant density (1.706 g.cm-3; refs. 9 and 12) as the mtDNA of almost all higher plants (4) . These indications of a specific phylogenetic relationship between the mitochondrial genomes of higher plants and green algae are of particular interest because the same conclusion [based on SS rRNA sequence comparisons (28, 29) ] has emerged in the case of the nuclear genomes of these two groups of organisms.
If the 16-kbp DNA is indeed the functional equivalent of mtDNA in other organisms, then homologs should exist in other Chlamydomonas species. Our identification of sequence homologs of 16-kbp DNA in C. moewusii and C. eugametos that are larger than 16-kbp provides an explanation for the absence of a discrete 16-kbp DNA species in these two cases and removes an important objection to the view that the 16-kbp DNA is mtDNA. Although the physical form of mtDNA in C. eugametos and C. moewusii has not been directly determined, the Southern hybridization patterns of native and restriction enzyme-digested DNA are most consistent with a circular conformation.
In view of the close evolutionary relationship between C. eugametos and C. moewusfi and their greater evolutionary distance from C. reinhardtii (30) , it should be of interest to compare in detail the mitochondrial genomes in the three species. Moreover, the ability to recover viable progeny from crosses between C. eugametos and C. moewusfi opens up the possibility of searching for restriction site polymorphisms that could be used to evaluate the mode of inheritance of Chlamydomonas mtDNA.
